The traditional Mediterranean diet (MedDiet) is now widely recommended in the prevention of CVD. However, it is not known whether the MedDiet has the same beneficial cardiovascular effects in women and in men. The objective of the present study was to investigate sex-related differences with regard to changes in cardiometabolic variables in response to a 4-week isoenergetic MedDiet. Participants were thirty-eight men and thirty-two premenopausal women aged between 25 and 50 years who had slightly elevated LDL-cholesterol (LDL-C) concentrations (3·4-4·9 mmol/l) or total cholesterol:HDL-cholesterol ratio $ 5·0. A 4-week run-in period preceded the MedDiet in order to control the inter-and intra-individual variability. Cardiometabolic variables were measured before and after the MedDiet. Total cholesterol, LDL-C, apoB and apoA-1 plasma concentrations as well as diastolic blood pressure decreased (P,0·05) in both men and women (respectively, 10, 10, 10, 6 and 5 % for men and 6, 7, 9, 4 and 4 % for women). ApoA-2 concentrations and insulin concentrations 2 h after the oral administration of 75 g of glucose demonstrated sex £ time interactions (respectively, P¼0·05 and P¼ 0·03) and only men experienced a decrease for these variables (respectively, 8 and 25 %). In conclusion, consuming a MedDiet led to significant changes in plasma lipid profile in both men and women, while only men had significant improvements in insulin homeostasis. These results support the importance of investigating sex-related differences in response to diet in order to perhaps further individualise dietary guidelines in the prevention of CVD and type 2 diabetes.
CVD is still one of the leading causes of mortality in Canada accounting for the death of 28 % of Canadians (1) . In order to decrease the rate of CVD, many organisations, such as the Canadian Cardiovascular Society, recommend that the prevention of CVD should always include the adoption of healthy dietary habits. Accordingly, the cardiovascular benefits of the traditional Mediterranean diet (MedDiet) have been widely investigated since the Seven Countries Study has highlighted its cardioprotective effects (2) . In fact, beneficial effects of the MedDiet on lipid profile, insulin sensitivity and blood pressure have been demonstrated in the context of both epidemiological and interventional studies (3, 4) . A systematic review of published studies concluded in a significant effect of the MedDiet on the reduction of CVD rate (5) .
Very few studies have investigated sex-related differences in response to diet. Accordingly, some evidence suggests that women could respond differently to diet compared with men due in part to sex hormones (6, 7) . In fact, the response to alterations in dietary fats and carbohydrates in women appears to be greater for TAG and HDL-cholesterol (HDL-C) concentrations and smaller for LDL-cholesterol (LDL-C) and apoB concentrations than in men (6) . However, even if well-controlled studies are essential to isolate sex-related differences in response to diet with a maximum of control over confounding variables, only a few controlled studies have to date assessed sex differences in cardiovascular response to a single or to a few dietary changes in fatty acid or in macronutrient intakes (6, 7) . More importantly, even if the MedDiet is now widely recommended in the prevention of CVD (8) , no controlled study has yet investigated whether women would respond differently compared with men to the MedDiet despite the fact that most cross-sectional and interventional studies concerning the cardiovascular effects of the MedDiet have been conducted in predominantly male cohorts. Some epidemiological data support the existence of sex differences in response to the MedDiet since some studies have shown that the consumption of a MedDiet seems to lower CVD risks more in women than in men (9, 10) . However, results from the National Health and Nutrition Examination Survey III showed that adherence to the MedDiet is positively associated with insulin sensitivity in men younger than 45 years of age but not in premenopausal women (11) . The purpose of the present study is to verify for the first time whether changes in cardiometabolic variables differ between men and women in response to an isoenergetic controlled experimental diet based on the traditional MedDiet.
Participants and methods

Study population
Men and premenopausal women, 25 -50 years of age, with slightly elevated LDL-C concentrations (between 3·4 and 4·9 mmol/l) or total cholesterol:HDL-C ratio $ 5·0 were recruited from the Quebec City metropolitan area (Canada). Moreover, participants had to have at least one of the four following factors of the metabolic syndrome (12) : (1) waist circumference .94 cm in men and .80 cm in women (13) ; (2) TAG . 1·7 mmol/l; (3) fasting glycaemia between 6·1 and 6·9 mmol/l; (4) blood pressure concentrations $ 130/ 85 mmHg. In women, premenopausal status was determined by a regular menstrual cycle for the last 3 months and if needed, a follicle-stimulating hormone (FSH) measurement during the early follicular phase confirmed the premenopausal status (FSH , 20 IU/l). We decided to compare men with premenopausal women in order to maximise differences due to sex hormones. Men and women included in the study were matched on a group basis for LDL-C, age and BMI. We excluded participants with a significant weight change (.2·5 kg) in the 3 months before the study, participants who had endocrine disorders, cardiovascular events or type 1 or 2 diabetes and those who used medication that could affect dependent variables under study. Smokers as well as pregnant women and those using systemic hormonal contraceptives were also excluded. A total of seventy-five of the 144 volunteers seen at screening met the inclusion criteria. Of these, four men and one woman dropped out during the run-in period for personal reasons. Thus, thirty-eight men and thirty-two women completed the study. The present study was conducted according to the guidelines laid down in the Declaration of Helsinki. All procedures involving human subjects were approved by the Laval University Research Ethics Committee on human experimentation. Written informed consent was obtained from all subjects. This clinical trial was registered at www.clinicaltrials.gov as NCT01293344.
Study design
A 4-week run-in period preceded the experimental MedDiet phase in order to control for the inter-and intra-individual variability in dietary intakes. At the beginning of the run-in period, all participants met a registered dietitian who asked and instructed them to comply with healthy eating as recommended by Canada's Food Guide (14) . Briefly, Canada's Food Guide is an educational tool which promotes healthy eating for Canadians and which indicates the recommended number of food guide servings per day for each of the four food groups according to the age and sex of individuals. The four food groups are vegetables and fruits, grain products, milk and alternatives, and meat and alternatives. Participants were also instructed to maintain constant their body weight and physical activity participation.
The experimental phase was undertaken as a parallel design in which both men and women were assigned to a 4-week experimental diet formulated to be concordant with the characteristics of the traditional MedDiet (15) . All foods and drinks were prepared by food technicians at the Clinical Investigation Unit at the Institute of Nutraceuticals and Functional Foods (Laval University) and were provided to participants according to a 7 d cyclic menu in order to have an optimal control over energy intake and diet quality. The experimental diet contained key foods of the Mediterranean pyramid (15) ( Table 1) . Moreover, the nutritional composition of the experimental MedDiet was in concordance with the one found in the traditional MedDiet (Table 2 ). This menu provided a MUFA:SFA ratio of 2·7 corresponding to the one found in the traditional MedDiet (16) . The experimental MedDiet was formulated by using NUTRITION DATA SYSTEM software (version 4.03_31; Nutrition Coordinating Center). Participants were instructed to consume only the foods provided and their entire meals. Vitamin and mineral supplements as well as natural health products were forbidden. On weekdays, participants came to the Clinical Investigation Unit to consume their noon meal under supervision, at which time they picked up their evening meal and the next day's packaged breakfast. Weekend meals were prepared, packaged and provided at Friday visits. In order to maintain a constant weight during the experimental MedDiet * Extra virgin and virgin olive oils were used. Serving size for whole-grain products ¼ 125 ml (rice, pasta, bulgur, couscous), one bread piece or 30 g cereal; serving size for fruits and vegetables ¼ 125 ml; serving size for legumes ¼ 175 ml and for nuts ¼ 30 g; serving size for fish, poultry and red meat ¼ 75 g; serving size for eggs ¼ 100 g; serving size for dairy products (mostly low-fat cheese and yoghurt) ¼ 50 g cheese, 175 g yoghurt and 250 ml milk; Serving size for red wine ¼ 150 ml.
phase, the habitual energy intake of each participant was established by averaging the energy requirements estimated by a validated FFQ (17) administrated at the beginning of the run-in period and energy needs as determined by the Harris -Benedict formula. Body weight was measured on weekdays just before lunch and total energy provided was revised if necessary for minimising body weight fluctuations. In order to evaluate compliance, participants were asked to note on a checklist foods consumed and, if needed, the amount of foods not consumed for each day of the experimental phase. Participants were also instructed to maintain their usual physical activity level. Since some studies have suggested that fluctuations in female hormones influence some metabolic variables (18) , women's feeding was shortened or prolonged if needed in order to be able to carry out all tests in the early follicular phase of their menstrual cycle (from the third to the ninth day of the menstrual cycle; mean duration of the feeding period in women, 28·8 (SD 4·3) d).
Dietary intakes
To determine whether dietary intakes before the experimental MedDiet phase were similar between men and women, a validated quantitative FFQ (17) , containing ninety-one items and thirty-three subquestions, which inquires on food habits during the preceding month was administrated by a registered dietitian just before the experimental MedDiet phase, reflecting dietary habits during the run-in period. A Mediterranean score (MedScore) derived from the FFQ was calculated as described by Goulet and colleagues (19) . The MedScore can vary between 0 and 44 points. A MedScore of 44 would imply a food pattern which is perfectly concordant with the traditional MedDiet.
Cardiovascular risk factor measurements
Biochemical measurements. Blood samples were collected from an antecubital vein into vacutainer tubes containing EDTA after a 12 h overnight fast. Assessment of the basic lipid profile and of lipoprotein-lipid concentrations were performed according to previously described methods (19) . Plasma apoA-1 and apoA-2 concentrations were measured by nephelometry. Glucose and insulin concentrations were measured in a fasting state and 2 h after an oral administration of 75 g of glucose. Plasma glucose concentrations were measured with the hexokinase-glucose-6-phosphate dehydrogenase method (20) , whereas plasma insulin concentrations were measured by RIA (21) . Insulin sensitivity was assessed by the homeostasis model assessment approach index (1/(fasting glucose £ fasting insulin/22·5)).
Anthropometric and blood pressure measurements. Body weight, height and waist circumference measurements were performed using standardised methods (22) . Systolic and diastolic blood pressures were measured on the right arm using an automated blood pressure monitor (BPM 300-BpTRU: Vital Signs Monitor) after a 10 min rest in the sitting position. Blood pressure was computed as the mean of three readings.
Statistical analyses
Values are presented as means. Data were collected before and after the experimental MedDiet phase. For variables not normally distributed, a transformation was performed. However, for these variables, raw data are presented in the tables. Student's t test was used to compare macronutrient intakes as well as anthropometric and metabolic variables of men and women before the experimental MedDiet phase. MIXED procedures for repeated measurements were used to evaluate sex, time and sex £ time interaction effects on anthropometric and metabolic variables. In the presence of a significant effect (P# 0·05), Tukey -Kramer tests were used to determine precisely the location of significant differences.
Although the experimental MedDiet phase aimed at being isoenergetic, both men and women had a small but significant weight loss (1·2 kg or 1·3 % of initial body weight in men and 0·5 kg or 0·7 % in women). Thus, all results concerning metabolic variables are adjusted for weight change during the experimental MedDiet phase. Moreover, if a difference between men and women was observed for a given variable at the beginning of the experimental phase, analyses for this variable were adjusted for baseline value. All analyses were performed with the SAS statistical package version 9.2 (SAS Institute, Inc.) and a P# 0·05 (two-sided) was considered as significant. We excluded one man from our analyses due to illness, which led to a significant reduction of food intake during several days at the end of the experimental phase. Therefore, thirty-seven men and thirty-two women were included in the analyses.
Results
At the end of the run-in period, both men and women consumed more than the number of servings per day for all food groups recommended by Canada's Food Guide, except for grain products for which both men and women consumed fewer portions than the recommendations (respectively, for men and women: 5·7 (SD 2·3) and 4·5 (SD 1·4) portions of grain products per day while the recommendation is, respectively, eight portions in men and between six and seven portions in women) (results not shown). Before the experimental MedDiet phase (i.e. after the run-in period), women had higher baseline values for HDL-C and apoA-1 and lower baseline values for weight, waist circumference, TAG, apoB, systolic blood pressure, diastolic blood pressure and fasting glucose than men (Table 3 ). There were also differences between men and women for energy intake (P, 0·0001) and for the percentage of energy intake derived from alcohol intake (P¼ 0·02), men having higher baseline intakes than women (Table 4) . There was no significant difference for other macronutrient intakes, for the MUFA:SFA ratio and for the MedScore.
Men decreased their BMI during the 4-week MedDiet (P,0·0001; Table 5 ). After adjustments for weight change during the experimental MedDiet, total cholesterol, LDL-C, apoB, apoA-1 concentrations as well as in diastolic blood pressure decreased in both men and women (P,0·05). Total cholesterol:HDL-C ratio, LDL-C:HDL-C ratio, apoA-2 concentrations and systolic blood pressure decreased but only in men (P, 0·05). There was no change for TAG and HDL-C concentrations during the experimental MedDiet. Apo A-2 concentrations demonstrated a sex £ time interaction (P¼0·05), men having a more pronounced decrease than women in response to the MedDiet. There was no sex £ time interaction for other variables related to lipid profile.
In regards to glucose and insulin concentrations, 2 h postload insulin concentrations demonstrated a sex £ time interaction in response to the MedDiet (P¼ 0·03; Table 5 ). In fact, 2 h postload insulin concentrations decreased in men, whereas women showed a non-significant decrease. There was no change for fasting glucose and insulin concentrations, 2 h postload glucose concentrations and for homeostasis model assessment index in both men and women in response to the MedDiet. After adjustments for the percentage of energy intake derived from alcohol intake at baseline, we obtained similar results for all metabolic variables.
Discussion
Results from this controlled-feeding study showed that adoption of the MedDiet leads to similar improvements in lipid profile and blood pressure in men and women. However, men and women responded differently for apoA-2 and 2 h postload insulin concentrations, since only men experienced significant decreases in response to the MedDiet. This is the first controlled study designed to compare the cardiovascular response of men and women to the MedDiet.
Previous controlled studies have observed that the response to alterations in dietary fat and carbohydrate intakes is smaller in women than in men for LDL-C and apoB (6) . Although the reduction in LDL-C in men (2 10·4 %) in our study was somewhat more important than in women (27·3 %), this difference was not significant. One reason that may explain this divergence between the literature and results that we actually obtained is that, contrary to previous controlled studies in which only one or a few nutrients were altered, the adoption of the MedDiet implies many dietary changes with complex combinations of nutrients. Thus, in addition to macronutrient intakes, other components of the MedDiet are likely to influence LDL-C and apoB changes such as fatty acids of the diet (7) as well as phytosterol (23) and soluble fibre (24) intakes. Thus, men and women might not respond in the same manner to each individual nutrient of the MedDiet but overall, when considering the MedDiet as a whole, the resulting impacts on LDL-C and apoB are similar in men and women. These results are consistent with those of Estruch et al. (4) who showed no sex differences for these variables in response to the adoption of the MedDiet in an uncontrolled context. However, in our study, we observed a more pronounced decrease in apoA-2 concentrations in men than in women. ApoA-2 is a lipoprotein linked to HDL-C and some evidence suggests that apoA-2 concentrations are negatively associated with the risk of CHD (25) . In our study, LDL-C:HDL-C ratio also decreased significantly in men, thereby suggesting that the decrease in apoA-2 in men in response to the MedDiet did not have, overall, a deleterious impact on the metabolism of plasma lipids and lipoproteins.
In our study, men and women responded differently for 2 h postload insulin concentrations, since only men experienced a significant decrease in response to the MedDiet. This is in line with results of the National Health and Nutrition Examination Survey III study which showed that the adherence to the MedDiet is positively associated with insulin sensitivity in men but 
LDL-C, LDL-cholesterol; HDL-C, HDL-cholesterol; HOMA index, homeostasis model assessment index. * Mean values were significantly different between groups before the experimental MedDiet (P,0·05, Student's t test). † Analysis was performed on transformed values. ‡ Calculated as (1/(fasting glucose (mmol/l) £ fasting insulin (pmol/l)/22·5)) for measuring insulin sensitivity.
not in pre-menopausal women (11) . One of the mechanisms that may explain this difference between men and women is adiponectin response to the MedDiet. Indeed, adiponectin has beneficial effects on insulin sensitivity (26) and its concentration is influenced by sex hormone concentrations (26) and dietary factors (27) . In fact, adoption of the MedDiet is associated with a higher adiponectin concentration (27) . Thus, it will be interesting in further studies to assess sex differences in adiponectin response to the MedDiet in order to perhaps shed some light on this sex difference in insulin homeostasis.
Moreover, sex differences in body fat distribution may have also influenced the results observed for insulin homeostasis. Indeed, at every level of waist circumference, men have more visceral and less subcutaneous fat than do women (28) .
Decreased visceral adipose tissue has significant metabolic consequences such as improvements in insulin sensitivity and in glucose tolerance (29) . Thus, even if waist circumference did not decrease significantly in both sexes in response to the MedDiet, it is possible that men have hydrolysed more visceral adipose tissue than women, leading to a greater improvement in insulin homeostasis. Although the visceral adipose tissue was not directly evaluated in our study, other studies will be needed in order to test this hypothesis. Finally, further studies are needed to investigate sex differences in response to the MedDiet on inflammatory and oxidative markers, since a decrease in these markers is associated with an improvement in insulin sensitivity (30) . Some studies have shown that adoption of a MedDiet has a more cardioprotective effect in women than in men (9) .
However, in our study, only men experienced a significant decrease in 2 h postload insulin concentration in response to the MedDiet. Moreover, HDL-C and TAG are stronger mediators of cardiovascular risk in women than in men (31) and our results showed that these variables were unchanged in response to the MedDiet, which could be interpreted as limiting the beneficial effects of the MedDiet in women. Since some evidence suggests that women could benefit more from the MedDiet than men (9) , other studies are needed to assess the effects of the MedDiet on other cardiovascular markers such as inflammatory and endothelial function markers in order to have a more global assessment of the cardiovascular risk in both sexes. One of the strengths of our study is a parallel design which permitted us to precisely evaluate sex differences in response to the MedDiet. This design allowed us to demonstrate for the first time that men and women do not seem to have exactly the same cardiovascular benefits in response to the MedDiet, a food pattern now widely recommended for its cardioprotective effects. Moreover, our results also showed that the cardioprotective effects of the MedDiet were observed above those of the Canada's Food Guide recommendations. However, one limitation is that the study's 'single strand before and after' design does not allow comparisons to a control diet, which limits the conclusions on true treatment effects. However, since the cardioprotective effects of the MedDiet are well known and have been widely documented (32) , this study had as a main objective to investigate sex-related differences in response to the MedDiet, which was possible since baseline dietary intakes were similar between both sexes before the controlled intervention, facilitating the comparison between men and women. Another limitation of our study is that control over food intake cannot be perfect since participants consumed two meals per day out of the Clinical Investigation Unit. However, this limitation was overcome by providing all foods and drinks to participants and by daily visit at our Institute. The short duration of the study may also be considered as a limitation. However, it has been shown in the literature that 4 weeks of nutritional intervention under controlled conditions is sufficient to obtain significant changes in cardiometabolic variables in men and premenopausal women (33 -35) . Moreover, it has even been observed that after 2 weeks of feeding, changes in many metabolic variables were already maximised (36) . Finally, since women in different hormonal phases could have different effects from the dietary intervention, this limits the inference of the observed results. However, the challenge imposed by the hormonal cycle in premenopausal women has as consequence that very few studies have done controlled dietary intervention in premenopausal women, resulting in a very scarce literature. For this reason, the inclusion of premenopausal women in this study brings some new and relevant results in the literature.
In summary, consuming a traditional MedDiet leads to beneficial changes in plasma lipid profile and blood pressure in both men and women at moderate risk of CVD. However, in our cohort, results showed that the MedDiet seems to lead to significant improvements in insulin homeostasis in men but not in women. Clinically, these results highlight the fact that cardiovascular differences may exist between men and women in response to the MedDiet and further studies are needed to acquire a better understanding of sex differences in response to diet, which may be useful in order to provide perhaps sex-specific nutritional strategies in the prevention of CVD.
